Genomic sequencing is rapidly transitioning from the research environment into clinical practice, transforming patient diagnosis and management, particularly in rare diseases and cancer. Internationally, governments are investing heavily in genomic medicine; 1 genomic data from over 60 million patients are expected to be generated in healthcare globally in the next five years. 2 Translational genomic medicine initiatives operate at the interface between research and clinical care. 3 Participating patients often gain a direct benefit from access to genomic testing, and translational research contributes to the development of clinical and laboratory expertise, workforce capacity, and the infrastructure necessary to prepare healthcare systems for wider implementation of evidence-based genomic medicine. 4 The single-payer nature of some public healthcare systems, notably the National Health Service (NHS) in England, has enabled a centralized approach to the implementation of whole-genome sequencing (WGS) in healthcare, through the establishment of Genomics England, a single national provider of sequencing, bioinformatics, and data storage infrastructure. 5 In contrast, the responsibility for public healthcare in Australia is shared between state and federal governments, and hence the integration of clinical genomics requires a coordinated whole-of-nation approach based on a federated system. The Australian Genomics Health Alliance (Australian Genomics) is a collaborative research partnership of more than 80 organizations, including diagnostic laboratories, clinical genetics services, and research and academic institutions in all six states and two territories ( Figure 1 ). In 2015, Australian Genomics undertook a landscape analysis to examine the opportunities for and challenges to the integration of genomics into the Australian healthcare system. This identified a number of national disease-specific centers of excellence in research and clinical translation that were already assembling large patient cohorts and performing next-generation-sequencing-based diagnostic testing; undiagnosed patients then progressed into discovery research. This mapping exercise also revealed considerable sequencing and bioinformatics capacity and genomic data analysis expertise, primarily in the research environment, and significant investments in clinical genomics in some but not all states. However, the state-based provision of diagnostic services and the divide between state and federal health funding posed the risks of duplication and inefficient use of resources and the creation of silos of clinical and genomic data, thereby reducing opportunities for collaboration. It also had the potential to create gaps in funding and inequalities in patient access, as well as to perpetuate uncoordinated approaches to diagnostic, ethical, and privacy standards and frameworks.
Design and Delivery of Australian Genomics
The aim of Australian Genomics is to accelerate and evaluate the application of genomic testing in healthcare and to do so while adopting a collaborative approach based on federation principles. Australian Genomics encompasses two bodies of interrelated work ( Figure 2 ):
1. Prospective recruitment of patients for genomic testing through exemplar rare disease and cancer flagship projects and referral to linked diseasespecific research for undiagnosed cases, as well as 2. Interdependent translational research programs to advance the diagnostic, health informatics, regulatory, ethical, policy, and workforce infrastructure necessary for the integration of genomics into the Australian health system. The Australian Genomics approach is based on federation principles: clinical recruitment and genomic testing are accessible in all six states and two territories, and the collaborative networks underpinning the clinical and research activities have national representation and shared leadership across the states.
A National Steering Committee comprised of diverse expertise from across the states provides operational and strategic oversight of Australian Genomics. A National Implementation Committee provides two-way linkage with state and federal government health-system planners and policy makers. Broad national stakeholder engagement is facilitated by three advisory groups: the Independent Advisory Board, the Joint Committee on Digital Health and Genomics, and the Community Advisory Group. Australian Genomics is strongly engaged with the international genomic community as a member of the Global Alliance for Genomics and Health (GA4GH) and the Global Genomic Medicine Collaborative (G2MC), and it has an established partnership with Genomics England. In 2017, Australian Genomics became a GA4GH Driver Project, and it actively participates in the development and implementation of tools, solutions, and policies for global genomic data sharing.
Rare Disease and Cancer Flagship Projects
Central to the Australian Genomics approach are the clinical flagship projects, which prospectively recruit patients for genomic testing in specific disease areas. The flagships build from existing expertise and infrastructure to create national clinical and research networks, as well as assemble cohorts to enable gene discovery, conduct studies into disease mechanisms, and enable access to clinical trials. These cohorts also provide the platform for evaluating genomic testing's impact, including diagnostic and clinical utility and cost effectiveness, and for evaluating new approaches to service delivery. 4 Importantly, the flagships provide experiential learning for the multidisciplinary working groups implementing and delivering the projects, further building state-based expertise.
There are currently 17 rare disease and cancer flagship projects across 32 clinical sites, building capacity and promoting national partnership ( Table 1) . The initial flagship projects were aligned with existing disease-specific national research programs. Subsequent projects were selected via a competitive approach and independent assessment on the basis of criteria including the expected clinical and economic impact of genomic testing in the chosen cohort, project feasibility, implementation capacity, and the promotion and leveraging of national collaboration. Where feasible, a hybrid implementation-effectiveness study design has been adopted, whereby the implementation of genomic testing is studied simultaneously with the investigation of the outcomes of testing. 4, 6 National patient recruitment ensures that clinical, diagnostic, and research pathways are developed within state-specific infrastructures. However, it also highlights some of the difficulties inherent in building a national approach in the Australian context. For example, the ethics and governance approval process across 32 recruitment sites in every Figure 2 . The Australian Genomics Model: Genomic Testing Genomic testing is provided prospectively through rare disease and cancer flagship projects, while four interdependent programs simultaneously address diagnostic, health informatics, ethics, regulatory, and workforce challenges and enable evaluation to inform future policy.
Australian state and territory (HREC/ 16/MH/251) took three years at a cost of >AUD$1M (USD$0.7M) (unpublished data). Now that this is in place, the rollout of additional flagships is much more efficient, taking only three months from the submission of an ethics amendment to the first participant recruitment. Similarly, applying for and accessing both federal and individual state-based health datasets for evaluation purposes requires significant investment.
The flagship projects are nationally coordinated and supported by a distributed network of Australian Genomics project officers and genetic counselors. Approximately one fulltime equivalent genetic counselor is employed per 100 patients recruited/ annum, simultaneously serving to build genomics capacity and capability in the Australian genetic counselor workforce. Patients are recruited prospectively through the 32 participating clinical services on the basis of defined patient selection criteria. By using consensus expert opinion, each flagship working group has developed a minimal optimal clinical dataset to be collected at enrolment to enable effective genomic data analysis. Data are captured in the centralized Australian Genomics study REDCap database, 7 and this has been standardized through a REDCap plugin developed as part of the program. This accesses terminology value sets from the Australian 9 and other related vocabularies such as Online Mendelian Inheritance in Man (OMIM). Sequencing modalities that are being compared between different flagships include whole-genome sequencing, whole-exome sequencing, mitochondrial genome sequencing, RNA sequencing, and large capture panels. The majority of rare disease testing uses a singleton (rather than a trio) approach to optimize resource use. Australian Genomics adopts a decentralized approach to clinical genomic testing; DNA extraction, sequencing, bioinformatics analysis, data interpretation, and reporting occur through participating state-based accredited diagnostic laboratories, reflecting the decentralized nature of our healthcare system. There is a high degree of integration between local clinical and laboratory teams during the process of data analysis and interpretation, and variant data from genomic tests are reviewed at multidisciplinary meetings prior to reporting. Clinical genomic reports are issued directly to requesting physicians, and diagnostic outcomes and the clinical utility of results are captured centrally. The consent process provides participants with the opportunity to store their data and participate in further research; this has been done with the intention of contributing enriched patient cohorts to gene discovery and striving to resolve diagnoses for more families in the future.
Australian Genomics Programs
The four Australian Genomics programs intersect with the flagship projects and bring together expertise from a diverse group of clinicians, researchers, diagnostic scientists, bioinformaticians, health informaticians, implementation scientists, lawyers, bioethicists, health economists, policy analysts, educators, and patient groups to work on a range of sub-projects to address specific barriers and/ or develop resources, tools, and platforms ( Figure 3 and Table S1 ). There are 50 working groups, comprising over 400 member investigators, currently active within Australian Genomics.
Although clinical genomic testing remains the responsibility of accredited diagnostic laboratories, the National Diagnostic and Research Network (Program 1) is examining current practices and building a nationally consistent approach to consent, genomic data analysis, variant re-classification, and reporting, as well as developing patient information resources. The incorporation of functional genomic assays into diagnostic pipelines will be facilitated through the related Australian Functional Genomics Network, which links clinicians with researchers and will in the future provide seed funding for pilot projects. Australian Genomics is also leading applications to the Medical Services Advisory Committee to recommend funding for genomic testing at the federal government level. An initial application for genomic testing for pediatric patients with syndromic and non-syndromic intellectual disability, made on the basis of evidence generated in Australian cohorts, [10] [11] [12] [13] has recently been recommended for funding. This will serve as a model for future applications as evidence is progressively gathered in other patient groups.
The decentralized approach to genomic test delivery in Australia poses a significant risk of creating silos of clinical, phenotypic, and genomic data at individual service or state level, and this will hinder the realization of the full benefits of genomics in healthcare.
14 Although initial data storage is occurring with on-premises computing infrastructure at the laboratory and research institute level, the key priority for the National Approach to Data Federation and Analysis program (Program 2) is to establish cloud-based, scalable, shared, and standardized data repositories for the clinical, phenotypic, and genomic information generated through the flagships, compliant with Global Alliance for Genomics and Health (GA4GH) standards ( Figure S1 ). All data are stored in compliance with local clinical, laboratory, and research guidelines, and we have undertaken data breach testing as part of our role as a GA4GH Driver Project. The solutions we are piloting will inform the implementation of genomics in Australia's digital health systems-from hospital electronic medical records to the national My Health Record. 15 Australian Genomics has developed guidelines and tools to enable Australians to participate in data sharing for research purposes if they so choose ( Figure 3 and Table S1 ). Consent is structured in compliance with the GA4GH framework for responsible data sharing 16 and consent clauses.
Under the terms of the original Figure 3 . Australian Genomics Programs and Sub-projects. Additional information is available in Table S1 .
NHMRC grant, our principal focus is to enable data sharing for healthcare and academic research. Private entities may be granted access to data, provided the proposed use and ethics approval match the data permissions from the original consent. The Evaluation, Policy, and Ethics program (Program 3) applies an interdisciplinary research model to bring together expertise in implementation science, health economics, bioethics, and law to inform genomics health policy and clinical practice. Modeling and evaluating health economic data collected through the clinical flagship projects builds evidence for the value of health and non-health impacts of genomic medicine. The program also employs implementation science methods and theories to understand and promote the uptake of genomic medicine into routine healthcare in clinical, organizational, and policy contexts. 17 A social network analysis has demonstrated collaboration within and external to Australian Genomics is accelerating at unprecedented levels. 18 Applied ethical and legal research is undertaken across a variety of aspects, including genomic data sharing, ownership of genetic information, clinical and research consent, insurance discrimination, and rapid genomic testing in acute pediatrics. 19 The Genomics Workforce and Education program (Program 4) provides evidence to inform the education and training of those whose professional roles will be impacted by clinical genomics. Broadly, this program is mapping the current landscape of education delivery in genomics, identifying the genomic education needs and preferences of genetic and non-genetic health professionals, [20] [21] [22] 26 lay out a vision for the integration of genomics and precision medicine into the Australian healthcare system. As well as setting out a new policy framework, the Australian federal government committed further funding into genomics research through the Medical Research Futures Fund in 2018. The Genomics Health Futures Mission (GHFM) constitutes a substantial investment of AUD$500M (USD$348M) over ten years. This mission builds upon the targeted genomic evaluations in rare diseases and cancers to expand both the scale and scope of current genomic translational research; it aims to transform the lives of more than 200,000 Australians. It is envisaged that the longterm outcome of the GHFM will be enabling the seamless transition of genomics research into clinical practice as the evidence for each clinical indication becomes available.
Australian Genomics is delivering two of the initial projects of the GHFM. Mackenzie's Mission, an AUD$20M (USD$14M) reproductive carrier-screening project, will provide information to inform reproductive choices in 10,000 couples on the basis of variants in around 500 genes associated with severe and often fatal genetic conditions affecting children. The GHFM has also supported an AUD$6M (USD$4M) expansion of the Australian Genomics Cardiovascular Genetic Disorders flagship project, which will now have the capacity to provide sequencing to 600 families living with congenital heart disease, cardiomyopathies, and arrhythmias. This flagship will also establish a network that interfaces between clinical care for patients and families with cardiovascular genetic disorders, research genomic analysis, and functional genomics.
Future Directions
Australian Genomics builds upon extensive state and federal genomic research and infrastructural investment, estimated at AUD$250M (USD$174M) in the past six years. Of this, direct co-investment into the Australian Genomics program is estimated at over AUD$40M (USD$28M). Over the past three years, Australian Genomics has grown to include over 400 investigators, established 50 working groups, promoted the creation of extensive policy, clinical, researcher, and patient networks, increased inter-disciplinary and interstate interactions, and enabled the prospective recruitment, phenotyping, and genomic testing of rare disease and cancer patient cohorts. Now that the scaffolding infrastructure has been established, this core research capability can be maintained at AUD$4M (USD$2.8M) per annum.
Australian Genomics has built a collaborative, federated, national learning network that can adapt to change and maintain a continuous virtuous cycle between research and clinical practice in genomics, with an emphasis on robust evaluation of outcomes. It has by no means been easy to get to this point, and yet the hard part of the journey is still to come: embedding genomics into routine, mainstream clinical practice when and where it is needed.
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